We determined the structures of Acanthamoeba profilin I and profifin I by x-ray crystallography at resolutions of 2.0 and 2.8 A, respectively. The polypeptide folds and the actin-binding surfaces of the amoeba profiins are very similar to those of bovine and human profifins. The (6) and/or by promoting the transfer of actin subunits from thymosin to the barbed end of actin filaments (7).
Profilins are small proteins that bind actin, poly(L-proline), and phosphatidylinositol phosphates (reviewed in ref. 1). Profilins are required for a normal actin cytoskeleton in Saccharomyces cerevisiae (2), Drosophila (3), and mammals (reviewed in ref. 4 ). Since they bind actin monomers with an equilibrium dissociation constant (Kd) in the micromolar range (reviewed in ref. 5) , profilins were originally thought to sequester the unpolymerized actin in the cytoplasm. However, the cellular concentration of unpolymerized actin is higher than the total profilin concentration, so it is now thought that thymosin (-4 , an abundant (>100 ;LM) actin monomer-binding protein, is the more likely candidate to sequester unpolymerized actin, at least in vertebrate blood cells. Profilin also may modulate actin assembly by catalyzing the exchange of the adenine nucleotide bound to actin (6) and/or by promoting the transfer of actin subunits from thymosin to the barbed end of actin filaments (7) .
Profilins bind to micelles and vesicles containing phosphatidylinositol 4-phosphate or phosphatidylinositol 4,5-bisphosphate (PIP2) (8) with Kd values in the range 1-100 ,uM (9, 10) . PIP2 competes with actin for binding profilin (8) , and biochemical evidence suggests that profilin may regulate the production of the second messengers inositol trisphosphate and diacylglycerol by inhibiting phospholipase C-'yl (10, 11) .
Within the past year an NMR structure of Acanthamoeba profilin I (12) , an NMR structure of human profilin (13) and the crystal structure ofthe f-actin-profflin complex (14) have become available. The amoeba and mammalian profilins have similar tertiary structures and the evidence suggests that they bind actin similarly. NMR spectroscopy also provided direct evidence that polyproline binds between the amino-and carboxyl-terminal a-helices of profilin (15, 16) .
Acanthamoeba has three isoforms of profilin (17) , called profilin IA, profilin IB, and profilin II. They bind actin with equal affinities, but the more basic profilin II binds phosphatidylinositol phosphates 10-50 times more strongly (9 All data were collected on a Siemens (Iselin, NJ) area detector using a Rigaku RU-200 operating in fine focus mode as the x-ray source and were reduced with either XENGEN (19) or XDS (20) .
Electrostatic Surface Potential Calculations. The refined coordinates of profilin I and profilin II were used to calculate electrostatic potential surfaces with DELPHI (21 tCrystal soaked in 1.0 mM EMP for 8 days.
low-resolution shell (Table 1) , which was required for successful implementation of phase combination. Single isomorphous replacement (SIR) phases based on a single-site derivative in the space group C2 are centrosymmetric. Remarkably, the anomalous signal from the two EMP data sets, when combined with density modification as implemented in SQUASH (22) , was sufficient to produce an interpretable electron density map in which >90% of the polypeptide could be traced and many distinct side-chain positions could be discerned (Fig. 1 ). a-Carbons were positioned and a polyalanine chain was constructed with XCHAIN (provided by W. Kabsch, Max Planck Institute, Heidelberg). The initial model was subjected to simulated annealing refinement with X-PLOR (23) , and the model phases were combined with solvent-flattened experimental phases by using the PHASES package (provided by William Furey, University of Pittsburgh). The resulting electron density map allowed for the placement of -50%o of the side chains. Maps calculated following cycles of refinement with X-PLOR and phase combination (model and density-modified phases) were used to complete the entire profilin model and to extend the resolution slowly to 2.5 A. Only after reaching 2.5 A were 2FO -Fc maps used for rebuilding. The refinement was extended to 2.0-A resolution with X-PLOR (23) and PROFFT (24) , at which point 64 water molecules were gradually added. The model at 2.0-A resolution has an R factor of 17.9% with good geometry (Table 2) . Profilin II. Native data were collected to 2.8-A resolution. Molecular replacement (rotation and translation searches) was performed with X-PLOR (23) using data in the 15-to 4-A shell and the refined profilin I structure as the search model. give an R factor of 32.6% in the range between 10 and 3.0 A. After substitution of the appropriate side chains and manual rebuilding, the model was refined with X-PLOR (23) and PROFFT (24) by using data extending to 2.8-A resolution. The current model has an R factor of 18.6% with good geometry (Table 2) .
RESULTS
Polypeptide Fold. The two Acanthamoeba isoforms (each 125 amino acids) have 84% sequence identity and virtually identical topologies with a-carbon rms deviations of 0.49 A.
However some side-chain conformations differ and these differences may have functional significance. The Acanthamoeba profilins are built around a central six-stranded antiparallel (-sheet composed of residues [18] [19] [20] [21] [22] [23] ((31) , [27] [28] [29] [30] [31] [32] ((82), [68] [69] [70] [71] [72] [73] ((35) , 76-81 (,86), 84-91 (,37), and 94-100 (,(8) (Fig. 2 A and B) . Two a-helices, residues 1-7 (al) and 106-123 (a4), are on the same side of this sheet and run approximately parallel to it. Residues 8-12 form a noncanonical helix with the backbone hydrogen bonds between residues i and i + 5, rather than i and i + 4 as is found in a-helices. The packing of these helices against strands (81, (32, 87 , and ,/8 forms one ofthe two major hydrophobic cores.
Positioned on the other face of the central sheet are two helices, residues 39-50 (a2) and 53-58 (a3), and a small ((33 and 134) , and the smaller a-helices (a2 and a3).
Protein (27) and cDNA (28) sequencing established that profilin I preparations are a mixture of two polypeptides, profilin IA and profilin IB, which differ at five residues (IA/IB: Gln-43/Thr, Ser-47/Gly, Pro-54/Ala, Ser-58/Gly, and Ser-83/Ala). The profilin IB sequence was used for model building, as it fit the electron density better and resulted in a lower R factor. However, ambiguous electron density at the nonconserved sites suggests that the crystals are a mixture of profilins IA and IB.
Electrostatic Potential Surfaces of Profilin I and Probis H.
The electrostatic potential surfaces calculated from the crystal structures are different for the two isoforms ( Fig. 2 C (30), and S. cerevisiae (31) . The two regions of positively charged residues are separated by a line of acidic amino acids (Asp-51, Asp-73, Asp-74, Glu-114, and Glu-118 in profilin II). Four of these acidic residues are shared by S. cerevisiae (31) and Drosophila (3) profilins. Only three other negatively charged residues are found on the back side of the molecule as oriented in the illustration. DISCUSSION Our x-ray structure of Acanthamoeba profilin I is very similar to the solution structure determined by NMR (12) . Somewhat more secondary structure is well defined in the crystal structure. Using (4, ¢i) angles and hydrogen bonding patterns, we added a strand consisting of residues 68-73 to the central 3-sheet, residues 8-12 to the noncanonical N-terminal helix, and residues 53-58 as a single turn of a-helix. These features are present in the NMR model, but hydrogen exchange data and nuclear-Overhauser-effect constraints were insufficient to define secondary structure.
In the mammalian profilins the residues corresponding to strands (84 and (35 of profilin I were considered to form a single strand and the overall structure described as a sevenstranded 3-barrel (13, 14) . For ease of description, we have defined these elements as two discrete strands connected by a right-handed /-bend. Despite this difference in nomenclature, all of the secondary structures appear to be conserved among the profilins.
Most of the covalent differences between amoeba and vertebrate profilins occur in exposed loops (,/5-136 and /36-137), which have been shown to be the most mobile parts of the human profilin (32) . None of the additional residues in the vertebrate profilins disrupt the secondary structural elements of the amoeba profilins. Thr-8 of Acanthamoeba profilin is inserted into an a-helix found in mammalian profilins without breaking the continuity of the main-chain hydrogen bonding. Consequently, the cannonical a-helical i-to-(i + 4) backbone hydrogen bonding switches to an i-to-(i + 5) arrangement for residues 8-12. In contrast, insertions in a helix of staphylococcal nuclease form an "alphaaneurysm" (33) with a break in the continuity of the mainchain hydrogen bonding network, and insertions in T4 lysozyme lead either to "looping out" or translocation of the wild-type helical residues (34). The noncanonical helix with i-to-(i + 5) hydrogen bonds of the amoeba profilin represents a third way to accommodate extra residues in a helix.
The crystal structure of the mammalian /-actin-profilin complex directly identified residues at the actin-binding interface (14) . These residues are contained in the secondary structural elements which correspond to a3, a4, /36, /7, and /38 in the amoeba profilins and are clustered on a continuous surface of the molecule (Fig. 2 B-D) . The two amoeba profilin isoforms have the same affinity for actin and share most of the residues implicated in actin binding by structural (14) , chemical crosslinking (35) , and genetic (36) evidence. For example, site-directed mutagenesis of S. cerevisiae profilin at positions corresponding to residues 71, 75, and 80 in amoeba profilin decreases the affinity for actin (36) . Similarities in the sequences of the carboxyl-terminal 30 amino acids of Acanthamoeba and yeast profilins with gelsolin, severin, and fragmin led to speculation that these residues participate in actin binding and might be related by divergent evolution (37, 38) . However, many of these residues are hydrophobic and do not contact actin directly (14) . Instead they contribute to the hydrophobic core between a strand and helix (39) . Furthermore, these proteins differ in topology, so they are unlikely to have a common ancestor. Differences in the distribution or conformation of charged groups account for the unique electrostatic potential surfaces of the two profilin isoforms and suggest specific residues that may account for the higher affinity of profilin II for PIP2 and its stronger inhibition of phospholipase C-yl (9) (Fig. 2 C and  D) . The greater positive potential on the left side of the of profilin II (Fig. 2D) is due to the addition of positive residues. The enhanced positive potential on the right side of profilin II was unexpected, since the positions of the charged residues in this region are the same in profilin I and profilin II. The greater positive potential of profilin II is due to differences in side-chain rotameric states (e.g., Arg-56 and Lys-80), as well as differences in side-chain lengths (Arg-66 in profilin II vs. His-66 in profilin I, which from NMR titrations is known to be positively charged at neutral pH). It should be emphasized that the 10-fold difference in affinities of the Acanthamoeba isoforms for lipids represents only =1.5 kcal/mol, so the structural determinants for the differential binding are likely to be subtle. These may include conformational changes in either the profilin (40) or the lipids during binding.
The assumptions used in the electrostatic calculations introduce some uncertainties. For example, since surfaceexposed polar side chains are particularly prone to conformational flexibility, the different rotamers observed may arise from different environments in the crystals of profilin I and profilin II. The conformations of the charged residues which are the basis of these calculations do differ somewhat in an unrelated crystal form of profilin I (A.A.F. and S.C.A., unpublished results). Nevertheless, the model is supported by the observation that substitution of glutamic acid for arginine at the position corresponding to amoeba residue 71 decreases in the affinity of S. cerevisiae profilin for PIP2 micelles (36) . A line of acidic residues separates the two regions of positive potential in the profilins (Fig. 2 C and D) and may limit the affinity of profilin for PIP2 and ensure dissociation from the lipid on a physiologically relevant time scale.
The location of the proposed PIP2 binding sites provides an explanation for the competition between actin and PIP2 for binding profilin. These sites overlap with the observed actin binding site (14) , so simple steric interference might prevent both ligands from binding simultaneously. Many of the basic residues in these positive patches are conserved in mammalian profilins. Additional basic residues near their C termini may provide vertebrate profilins with a more extensive PIP2 binding site (13, 14) , consistent with their higher affinity for PIP2 and their greater inhibition of phospholipase C-yl than amoeba profilin 11 (9) . The activities of other actin-binding proteins, such as villin (41) , gelsolin (42) , and cofilin (43) , can also be modulated by PIP2. Their PIP2 binding sites are hypothesized to be linear stretches of amino acids, rather the discontinuous residues present in the positive patches of profilin that we postulate to interact with PIP2.
